Salmonella typhimurium, Escherichia coli, and Staphylococcus aureus were grown in media containing one of several halogenated organic acids which the bacteria metabolized but could not use as a major carbon and energy source for growth. Gas chromatographic techniques were employed to detect the presence of low population densities by analysis for products formed by the microorganisms. By virtue of the presence of the cometabolizable halogenated substrate in the medium, the sensitivity of procedures for detecting the presence of S. typhimurium, E. coli, and S. aureus was increased more than 7,000-, 20,000-, and 1,000-fold, respectively.
Gas chromatographic techniques have been proposed for the rapid and sensitive detection of bacteria in view of the fact that certain common microbial metabolites can be detected in the nanogram and occasionally even in the picogram range with an electron capture detector (ECD) fitted on a chromatograph (7) . Thus, the metabolites resulting from the activity of a few cells of certain species can be observed (8) . Such procedures, however, fail to sense the products generated by low cell densities of other species, presumably because the metabolites excreted are not present in sufficiently high concentration or are not of the type sensitively detected by ECD.
Foster (2) reported that various compounds which failed to serve as carbon and energy sources for the growth of certain bacteria can nevertheless be oxidized by the organisms. Loos, Roberts, and Alexander (5) also observed that an Arthrobacter species could partially degrade a molecule which could not be utilized by the organism as a carbon source. Because such types of reactions need not necessarily involve an oxidation, the term cometabolism was suggested in place of co-oxidation (1), the former term referring to the metabolism of a compound which is not used by the microorganism either as a source of energy or as an element essential for proliferation. To improve the sensitivity of procedures for detecting the presence of bacteria, it was considered possible that a compound containing a substituent detectable at low concentrations by ECD, such electrophore-containing substances having been described (6, 9) , might be I Present address: Department of Clinical Pathology, School of Medicine, Yale University, New Haven, Conn. 06510. used as a potential cometabolizable substrate which would be converted microbiologically to a product to which the detector would be particularly responsive.
The present investigation was thus designed to determine whether cometabolism might be a useful adjunct to gas chromatographic procedures designed for the detection of low bacterial cell densities.
MATERIALS AND METHODS Salmonella typhimurium, Escherichia coil K-12, and Staphylococcus aureus were grown on nutrient-agar slants. After 24 hr, the bacteria were washed off the slants with sterile water. The cell suspension was diluted, and 0.10-ml samples, each containing 2.0 X 104 to 6.4 X 104 cells, were transferred into test tubes containing 10 ml of the modified Proom and Knight medium (8) supplemented with 2% glucose and 0.01% peptone. S. typhimurium and S. aureus were grown at 37 C, and E. coli was grown at 30 C. The substituted organic acids were added to the medium to give a final concentration of 0.02% (6-bromocaproic), 0.025% (2-and 4-chlorobutyric, 2-bromovaleric, 2-bromopropionic, nitropropane, and nitroethane), 0.04% (2,3-dichloropropionic, 2,2-dichlorobutyric, and 5-chlorovaleric), or 0.03% for the remainder. These compounds were sterilized by filtration through sintered glass and then were added aseptically to the growth medium before inoculation. A solution containing each chemical was prepared immediately before use.
In preliminary experiments, the ability of each species to use these organic compounds as a major source of carbon for growth was determined in a solution containing the inorganic salts, amino acids, and vitamins of the modified Proom and Knight medium, 1.5% ammonium sulfate, and the chloroor bromo-substituted organic acids. The concentration of the organic acid ranged from that listed previously up to 2%. Such media did not support bacterial growth as measured turbidimetrically at a wavelength of 550 nm or by plating the suspension at intervals on the medium described above solidified with 1.5% agar.
Samples, usually in triplicate, were withdrawn from the cultures at 0, 4, 8, 12, and 24 hr and were plated for the determination of viable counts. The turbidity of the samples was measured at a wavelength of 550 nm. Samples for gas chromatography were prepared by the methods previously described. Solutions containing authentic chemical compounds and samples of the water and of the inoculated media were treated in an identical manner. The instrument and conditions for gas chromatography were essentially those employed previously (4, 8) . A 3.0-,liter sample containing the test substance was injected into the instrument, each detector thereby receiving 1.5 jliters.
The retention time of the substrate added to both an aqueous solution and the culture medium was determined. The sensitivity of the procedure for detecting the numbers of bacterial cells, based upon product analysis, was defined as before (8) for the unamended medium, namely the number of viable bacterial cells required to generate sufficient product to give a peak with an area of 10 mm2 at range 1 and attenuation 1 of the instrument. In the amended medium, the sensitivity was determined from the cell number and from the first peak with an area in excess of 10 mm2 which was present in the amended but not in the unamended medium after microbial growth. Calculation of sensitivity thus required only information on the number of viable cells corresponding to the 1.5 ,Aliters reaching the detector, the peak area, and the instrument settings. RESULTS
The effect of the presence of a number of halogenated organic acids in the medium on the sensitivity of detection of S. typhimurium is shown in Table 1 . The detection time refers to the sampling time at which the presence of the first microbial product, sensed by either the ECD or the flame ionization detector (FID), was noted. In the medium not supplemented with any of the potentially cometabolizable substrates, the sensitivity limit with FID was 50,000 cells/10 mm2 peak, whereas the presence of the equivalent of 20,000 was necessary to give a 10 mm2 peak with ECD. These sensitivities are far lower than those noted with other bacterial species (8) . The data show that the sensitivity is only slightly improved in media containing certain of these atypical substrates, but that it was markedly increased with others. As much as a 7,700-fold improvement was noted with ECD when unamended cultures were used as a reference point, whereas a more modest 80-fold improvement was noted in products sensed by FID. The greatest increase in sensitivity was noted in solutions supplemented with 2,3-dichloropropionic acid, 3,4-dichloroadipic acid, or 2-bromovaleric acid in the FID tests. When ECD was employed, the medium containing 2-bromovaleric acid was the most suitable (2.6 bacteria/10 mm2). The sensitivity of ECD detection was also increased by about 170-fold as a result of the addition of 4-chlorobutyric acid to the growth medium. The other medium supplements had a more moderate effect in enhancing the sensitivity.
Dibromoacetic acid, dichloroacetic acid, and 2-bromopropionic acid decreased the sensitivity of S. typhimurium detection with both FID and ECD. S. typhimurium did not grow in the media containing 2-bromomalonic, chloroacetic, 2-chloropropionic, and 2-chlorobutyric acids at the A dramatic rise in sensitivity was also observed in studies of E. coli K-12 (Table 2) . By contrast with a detection time of 12 hr when the organism was grown in the unsupplemented medium, its presence in solutions containing two chlorinated compounds was observed at the first sampling time, namely 4 hr after inoculation. The improved sensitivity was much more pronounced with the ECD than with the FID detector. A considerable increase in FID sensitivity was observed merely by supplementing the medium with 5-chlorovaleric acid or 2-chlorosuccinic acid. By employing ECD, however, the products generated by the equivalent of 0.3 to 1.1 E. coli K-12 cells yielded discernible peaks in a medium supplemented with 2, 3-dichloropropionic, 5-chlorovaleric, 3,4-dichloroadipic, or 2-bromovaleric acids. A significant increase in ECD sensitivity was also noted in the presence of 6-bromocaproic or 2-chlorosuccinic acids. On the other hand, the sensitivity of ECD detection with 2,3-dibromosuccinic acid was not significantly affected. The tabulated data show an unexplained diminution in FID sensitivity with several compounds, and data not presented herein demonstrate a decrease in both ECD and FID sensitivity in media fortified with 2,2-dichlorosuccinic acid, 6-bromocaprylic acid, and 4-chlorobutyric acid.
A number of other compounds were investigated in the studies of E. coli K-12: 2,2-dichlorobutyric, 2-bromomalonic, chloroacetic, 2-chloropropionic, 2-chlorobutyric, 3-chloropropionic, and o-nitrobenzoic acids, o, m, and p-nitrophenols, 2, 4-dinitrophenol, nitropropane, and nitroethane. All of these inhibited the growth of E. coli K-12 at the concentrations tested.
S. aureus was examined in an identical manner. However, the culture did not grow in the medium supplemented with most of the above-mentioned chemicals. Only those compounds which allowed for growth of S. aureus were tested for the effects on FID and ECD sensitivity. Dibromoacetic acid increased the sensitivity significantly when either of the two detectors was employed, whereas 3, 4-dichloroadipic acid and 6-bromocaprylic acid increased the ECD but not the FID sensitivity ( Table 3 ).
The gas chromatographic technique is useful not only because of its increased sensitivity but also because it can be applied to tracing the appearance of certain microbial products and showing the disappearance of the substrates included in the test medium. Thus, it was possible to demonstrate the degradation of most of the halogenated compounds by the bacteria and the parallel formation of new products. Although many of such changes were traced, only one example will be cited, the degradation of dibromoacetic acid by E. coli K-12 (Fig. 1) . The peak areas shown are those calculated for the entire sample which was analyzed. The disappearance of dibromoacetic acid was initially slow, but the degradation proceeded more rapidly after 8 hr of growth, and a product with an Rt value of 260 sec appeared in increasing amounts after 8 hr. The disappearance of dibromoacetic acid paralleled the growth of the culture, but, as stated above, this compound apparently did not serve as a significant carbon source to support proliferation.
The metabolite with an Rt value of 260 sec was absent from cultures not supplied with dibromoacetic acid. The presence of some of the halogenated substrates also was responsible for a change in the amounts of one or more products formed by the bacteria.
DISCUSSION
An improvement in sensitivity can be achieved by modification of the conditions employed in gas chromatography, e.g., by changes in column packing material, liquid phase, temperature, or detectors. Sensitivity can also be gained by chemical alteration of the substance to be chromatographed (13). The technique of cometabolism, employing substrates which are presumed to yield products detectable at low concentrations, is a new approach to increasing the sensitivity of procedures for detecting the presence of bacteria. The data presented herein show that the sensitivity was improved by about 7,700-fold for S. typhimurium, more than 20,000-fold for E. coli K-12, and better than 1,000-fold for S. aureus when the medium contained a suitable halogenated compound. This compound was metabolized by the bacterium but was apparently not a growth substrate. In general, ECD was found to be more suitable for the detection of low concentrations of certain microbial products than FID. This is in line with our previous findings (7) .
It is premature to suggest, from a study of three bacterial species, that the technique of cometabolism is useful in increasing the sensitivity to detection of a wide variety of microorganisms. Nevertheless, such a method may be the basis for a practical procedure for the rapid detection of small numbers of microorganisms in biological materials, including clinical specimens.
